The GPIIb-IIIa complex functions as a receptor for cytoadhesive proteins on the platelet surface. Both GPIIb and GPIIIa are synthesized by a human erythroleukemia (HEL) cell line. We isolated several cDNA clones by screening a HEL cell cDNA library with an oligonucleotide derived from amino acid sequence of GPIIb. Nucleotide and amino acid sequences were determined from 703 bp of one of these clones. Amino acid sequence of purified platelet GPIIb peptides confirmed the identity of the clone. The cDNA encodes the carboxyl terminus of the large (a) subunit of GPIIb and all of the smaller (f6) subunit of GPIIb. By hybridizing the cDNA directly to chromosomes separated by dual laser chromosome sorting, the gene for GPIIb was mapped to chromosome 17. Northern blot analysis showed a -3.4-kb GPIIb mRNA in HEL cells. We also compared the amino acid sequences determined from eight additional platelet GPIIb peptides with the derived amino acids from a published HEL cell GPIIb cDNA, and the platelet and HEL cell proteins appear to be the same. Despite previous reports that vascular endothelial cells and monocytes contain GPIIb, no GPIIb mRNA was observed in either type of cell. Thus, GPIIb appears to be specific for the platelet-megakaryocyte membrane and is distinct from the a subunits of the adhesion receptors in other normal tissues.
Introduction A critical step in maintaining normal hemostasis is the aggregation of platelets during the formation of blood clots. Failure of platelets to aggregate results in bleeding, as is seen in the hereditary disorder, Glanzmann's thrombasthenia (1) . The platelets of these patients are deficient in membrane GPIIb and GPIIIa (2) . GPIIb Receivedfor publication 27 May 1987 and in revisedform 12 Au- gust 1987. that binds platelets to one another in the blood clot (3) . As determined by SDS-PAGE, unreduced GPIIb has an apparent Mr of 142,000 (4) . Electrophoresis of the reduced protein reveals two disulfide-linked subunits; GPIIba (Mr of 123,000) and GPIIb, (Mr of 22,000) (4) that are synthesized as a singlechain precursor (5) . GPIIIa is a single-chain glycoprotein. GPIIb and GPIIIa are associated as a noncovalent, calciumdependent heterodimer in the platelet membrane (for review, see reference 1) .
Recent evidence suggests that the GPIIb-IIIa complex belongs to a class of receptors that bind cell adhesion molecules (for review, see reference 6) . These receptors share a common heterodimeric structure with a and ,B subunits. Platelet GPIIb and GPIIIa correspond to the a and ,3 subunit, respectively (not to be confused with GPIIba and GPIIbO,, the subunits of reduced mature platelet GPIIb). GPIIb-IIIa is able to bind not only fibrinogen (3) , but other cytoadhesive proteins, such as fibronectin (7) , vitronectin (8) , and von Willebrand factor (9) . In contrast, Pytela et al. observed that when extracted from human placenta, the receptor for fibronectin binds only fibronectin, and that the vitronectin receptor binds only to vitronectin (8) . All of these adhesion molecules contain the cell attachment sequence Arg-Gly-Asp (10) , but the factors that confer ligand specificity (i.e., fibrinogen binds to GPIIb-IIIa but not to the fibronectin receptor [8] ) are unknown.
Study ofthe genes encoding platelet proteins is particularly difficult for two reasons: (i) platelets are anucleate and synthesize little or no protein (11) , and (ii) megakaryocytes, the precursor cells of platelets, comprise only 0.1% of all cells in the bone marrow and are therefore difficult to purify quantitatively. The human erythroleukemia (HEL)' cell line possesses some features of megakaryocytes (12, 13 
Methods
GPIIb amino acid sequence determination. GPIIb was isolated as described (5). Methods of amino acid determination will be described in detail in another manuscript (manuscript in preparation). Briefly, purified reduced-alkylated GPIIb was digested with trypsin and separated by reverse-phase HPLC. Amino acid sequencing from the NH2 terminus of intact IIb, and the resultant peptides was performed using a gas phase protein sequencer (model 470 A; Applied Biosystems, Inc., Foster, City, CA). Several attempts to sequence the NH2 terminus of IIB6, proved unsuccessful. Therefore, Ilbs was cleaved by cyanogen bromide and subjected to sequencing.
Oligonucleotide synthesis. Using the amino acid sequence of GPIIb,6, a 48-bp oligonucleotide was designed according to Lathe (17) and synthesized by the phosphotriester method (Oligonucleotide Chemistry Systems Laboratories, Denton, TX). Tissues. Human peripheral blood monocytes were isolated from a normal donor platelet pheresis residue bag, as described (18) . After separation, Wright's stain and esterase stain showed 96% monocytes, 4% lymphocytes, and no visible platelets. HUVE cells were isolated from freshly prepared human umbilical cords by collagenase digestion and cultured with serial passages as described ( 19) .
RNA preparation. Total RNA was extracted from various cell lines and tissues by the guanidinium thioisocyanate method (20) . Poly(A)+ RNA was selected by elution from an oligo(dT)-cellulose column (21). For construction of the cDNA library, HEL cell poly(A)+ RNA was fractionated on a 15-30% sucrose gradient, and then subjected to a second purification over an oligo(dT)-cellulose column. The various poly(A)+ RNA fractions were translated in vitro and the resulting proteins immunoprecipitated and electrophoresed to determine the fraction most enriched for GPIlb mRNA. Fractions corresponding to poly(A)+ RNAs of 3 kb and larger were pooled. cDNA library construction. 4 ,g of size-selected poly(A)+ RNA was used to synthesize the oligo(dT)-primed first strand of cDNA (22) . Second strand was made using RNase H and DNA polymerase I (23). The cDNA was made blunt-ended, treated with Eco RI methylase, ligated to Eco RI linkers (Pharmacia Fine Chemicals, Piscataway, NJ) and digested with Eco RI (22) . This cDNA was fractionated on a 1% agarose gel to size-select for cDNAs > 0.9 kb and to remove free linkers. cDNAs were eluted from gel slices, and then ligated into the XgtlO vector and packaged (both XgtlO vector and packaging extract from Stratagene Cloning Systems, San Diego, CA).
Screening of the XgtJO HEL cell library. The GPIIba, 48-mer was end-labeled with y[32P]ATP, and 2 X 106 cpm probe per milliliter hybridization solution was used to screen 700,000 recombinants. Hybridization conditions were: 5X standard saline citrate (SSC) ( 1X SSC is 150 mM NaCl, 15 mM sodium citrate)/5x Denhardt's solution (Denhardt's is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA)/ I0% formamide at 370C for 12 h. Filters were washed in 2x SSC at 22°C, then in 0.3x SSC/0.1% SDS at 51°C. Phage DNA was prepared and digested with Eco RI. The sizes of the cDNA inserts ranged from 720 to 2,000 bp. The Eco RI insert from one of the positive clones, XH3.1, was ligated into the pBS plasmid vector (Stratagene Cloning Systems).
Nucleotide sequencing. The Eco RI insert of XH3. 1 was ligated into M13mpl9 and the nucleotide sequence was determined using the dideoxynucleotide chain termination method (24).
Chromosomal localization of the GPIIb gene. The chromosomal localization of the GPIIb gene was analyzed by hybridization of the cDNA directly to the DNA of chromosomes resolved by dual laser chromosome sorting (25) .
cDNA probes. Northern blots were probed with the 32P-labeled 0.7 kb Eco RI insert of XH3. 1 and with a 2.2-kb Eco RI fragment from the 5' end of the cDNA for GPIIIa (manuscript in preparation). This latter cDNA was obtained from the HEL cell cDNA library described above and is 99% homologous to that obtained by Fitzgerald et al. from a HUVE cell cDNA library (26) . Additional probes used as positive controls were a 404-bp Eco RI fragment of the 5' end of the von Willebrand factor cDNA (19) and the 3' 1.8 kb Eco RI fragment of the fi subunit of the leukocyte adhesion proteins (27) .
Northern blot analysis. Poly(A)+ RNA was electrophoresed on a 1% agarose 2.2 M formaldehyde gel and blotted to nitrocellulose or nylon filters. Nitrocellulose filter hybridization was performed with 2 X 106 cpm/ml probe in 50% formamide/ I X Denhardt's solution/3X SSC/50 mM NaPO4 (pH 7.0)/200 gg/ml salmon sperm DNA/10% dextran sulfate at 420C for 12 h. Filters were washed in 0.1 X SSC/0. 1% SDS at 55°C. Nylon filters were hybridized with 2 X 106 cpm/ml probe in 7% SDS/0.5 M NaPO4 (pH 7.2)/10% dextran sulfate at 65°C and washed in 2X SSC/1% SDS at 65°C.
Results
A cDNA library containing 2.6 x 106 recombinants was constructed from HEL cell poly(A)+ RNA. 700,000 recombinants were screened at high plating density and 28 clones were identified that reacted with a GPIIb, synthetic oligonucleotide.
Only twelve were pursued on secondary screening, and seven of these clones were positive on secondary and tertiary screening. To confirm the authenticity of one clone, XH3. 1, its nucleotide sequence was determined (Fig. 1) . When (Fig. 1, amino acids 11 1-121) . We also compared the derived sequence with 19 residues of a GPIIb, peptide obtained by cleavage with cyanogen bromide (Table I , peptide i3CNBr); 17 amino acids matched (Fig. 1, amino acids  154-170 ) and the first and last residues were ambiguous. In both discrepant residues, a minor HPLC signal was identical to the nucleotide-derived amino acid. Hiraiwa et al. (28) sequenced two GPIIb peptides, one of which matched 12 of our derived amino acids, 161-172 (Fig. 1) . Because their sequence overlapped all but one of our GPIIb,6 peptide residues, it was not indicated in Fig. 1 . Moreover, all 15 residues of the GPIIb, NH2 terminus published by Charo et al. (29) were identical with a segment of our predicted sequence (Fig. 1, amino acids  36-50) . We conclude that the XH3. 1 cDNA includes the entire sequence for GPIIbo. The cDNA also codes for 35 amino acids that precede the NH2 terminus of GPIIb, and presumably represents the COOH-terminal end of GPIIba.
We compared both our cDNA nucleotide sequence and platelet GPIIb peptide sequences with the data of Poncz et al. (16) . All 703 nucleotides of our XH3. 1 clone matched perfectly with the 3' end of their cDNA (comparison not shown). Table I lists the 10 platelet GPIIb peptides that we sequenced. Peptides 6 and "pCNBr" are contained in GPIIb,6 and shown in Fig. 1 CCCCCTCCTGCTGCCTAATAAA&GAGACTGAGCCCTGAAAAAAAAAAAA(n) dual laser chromosome sorting (Fig. 2) . The gene for GPIIb mapped uniquely to chromosome 17. Not shown are chromosomes 9-12. In a second experiment, the XH3. 1 clone did not hybridize to chromosomes 9-12, but did bind to chromosome 17.
To study tissue expression, we used the XH3. 1 cDNA and a GPIIIa cDNA fragment to probe for mRNA expression in HEL cells, HUVE cells, and normal human circulating monocytes. HEL cells contain a single -3.4-kb species of GPIIb mRNA (Fig. 3, lane 1 ) and a -6-kb species of GPIIIa RNA (Fig. 3, lane 2) . The faint signal at -3-kb (Fig. 3, lane 2) has been a consistent observation and may represent a spliced GPIIIa message. GPIIb message was not detected in mRNA from either HUVE cells or monocytes (Fig. 3, lanes 3 and 6,  respectively) . When endothelial mRNA was probed with GPIIb cDNA under less stringent conditions (same as in Methods, except hybridization performed at 37°C and washing performed in 2X SSC/0.1% SDS), no GPIIb message was detected (data not shown). However, when probed with GPIIIa cDNA, a single -6-kb message was observed in mRNA from HUVE cells, but none in the monocytes (Fig. 3, lanes 4 and 7, respectively). As positive controls, a cDNA probe for von Willebrand factor (Fig. 3, lane 5 ) and for the ,B subunit of the leukocyte adhesion proteins (Fig. 3, lane 8) identified the appropriate 8.5 kb (30) and 3.0 kb (27) mRNAs, respectively, in endothelial cells and monocytes. Note that when the filter used in Fig. 3 , lane 3 was probed with the GPIIIa cDNA, the 6-kb mRNA was seen (data not shown), and that Fig. 3 , lanes 6, 7, and 8 represent the same filter hybridized in three separate experiments. Northern blot analysis indicated -20-fold less GPIIb mRNA in K562 cells than in HEL cells, and absence of GPIIb mRNA in reticulocytes (data not shown).
Discussion
We have obtained a partial cDNA clone coding for the COOH-terminal portion of GPIIb. There was perfect identity between the derived amino acids of this cDNA and 43 amino acids from platelet GPIIb6. The 703 nucleotides of our cDNA clone are identical to the 3' end of the cDNA published by Poncz et al. (16) . Additionally, we found 151 of 153 amino acids from 8 platelet GPIIb peptides matched the recently 
Amino acid sequences of the NH2 termini of GPIIb., tryptic peptides of GPIIb, and the cyanogen bromide peptide (JSCNBR) of GPIIbB.
Amino acid residues are given in the single-letter code. Tryptic peptides were identified by assigning a number to the peak on the chromatographic profile. Tentatively assigned residues are in parentheses; undetermined residues are indicated by "X". The published cDNA-derived amino acids ( 16) at variance with our residues are indicated above our peptides and in bold lettering.
published sequence of HEL cell GPI~b (16) . When considered in light of immunologic and biochemical evidence (5, (12) (13) (14) (15) 16 earlier report in which antisera apparently specific for GPIIba immunoprecipitates the HUVE cell a-3 heterodimeric complex (29) . An explanation for this disagreement would be that the anti-GPIIba antisera has minor reactivity with GPIIIa. Thus, in contrast to GPIIIa, our results indicate that the a subunit of the HUVE cell heterodimer is distinct from platelet GPIIb. The term "GPIIb" should not be used to describe the a subunit of HUVE cells. The identity of the a subunit of the endothelial cell adhesion receptor is not known. When we probed endothelial mRNA with the XH3. 1 cDNA under nonstringent conditions, no homologous mRNA was identified. The adhesion receptor on endothelial cells may be analogous to the vitronectin receptor, in which the ,3 subunit is likely to be identical to platelet GPIIIa and the a subunit different from GPIIb (36) .
There has been speculation that the f3 subunits of other cell adhesion receptors share more homologies than the a subunits (37) . Since GPIIb-IIIa binds additional ligands not bound by other adhesion receptors (7), our findings suggest that GPIIb is likely to be important in conferring receptor-ligand specificity.
Several comments regarding monocyte expression of GPIIb can be made based on the results of our Northern blot analysis. Evidence for (38) (39) (40) and against (41, 42 ) the presence of GPIIb and GPIIIa in monocytes has been presented. Our data reveals no GPIIb or GPIIIa mRNA in monocytes.
Because we analyzed only 1 jug of poly(A)+ monocyte RNA, we cannot rule out very low levels of expression. However, probing the same filter under identical hybridization conditions, we were able to detect both the Factor XIII a-chain, a cytoplasmic protein, (18) and the i3 subunit of the leukocyte adhesion proteins (Fig. 3, lane 8 
